Accumulating clinical evidence indicates that diabetic liver cancer patients are less sensitive to intra-arterial chemotherapy than non-diabetic cancer patients. However, the underlying mechanism remains largely uncharacterized. Here, we report that hyperglycemia inhibits AMPK pathway and subsequently reduces adriamycin (ADR)-induced DNA damage, resulting in decreased chemotherapeutic sensitivity of ADR. HepG2 and Bel-7402 cells were treated with ADR in various glucose conditions and then subjected to cell proliferation assay and apoptosis. The IC 50 of ADR greatly increased with the increasing concentration of glucose (15 ± 4 nM to 93 ± 39 nM in HepG2, 78 ± 8 nM to 1310 ± 155 nM in Bel-7402). Both FACs and Western blot analysis indicated that high concentration of glucose protected cells from ADR-induced apoptosis. Mouse hepatoma H22 xenografts were established both in db/db diabetic mice and STZ-induced diabetic mice. The inhibitory effect in tumor growth of ADR was significantly reduced in diabetic mice, which could be recovered by insulin therapy. Hyperglycemia greatly ameliorated AMPK activation and H2AX expression caused by ADR treatment. Pretreatment with compound C or AMPK silencing eliminated hyperglycemia reduced cytotoxicity of ADR. However, the impaired cytotoxicity in hyperglycemia was recovered by treatment with AMPK activator AICAR. This study indicates that hyperglycemia impairs the chemotherapeutic sensitivity of ADR by downregulating AMPK pathway and reducing ADR-induced DNA damage.
Introduction
Clinical investigations show that the population of patients with both diabetes and malignancies is growing (Currie et al. 2009 , Westley & May 2013 . According to statistic data, 47% of liver cancer patients and 16% of breast cancer patients also suffer from diabetes (Davila et al. 2005 , Wolf et al. 2005 . Diabetes has long been considered as a high risk factor for malignancies, which increases the incidence of diverse varieties of cancer (Currie et al. 2009 , Gallagher & LeRoith 2011 , including liver, breast (Larsson et al. 2007) , colon (Yang et al. 2004) , pancreatic (Everhart & Wright 1995 , Rahn et al. 2017 ) and kidney cancer (Moore et al. 1998) . Diabetes not only influences the occurrence and progression of malignancies, but also impairs the sensitivity of chemotherapy (Richardson & Pollack 2005) . In the latest retrospective review, compared with non-diabetic cancer patients, diabetic cancer patients showed an obvious increase of recurrence and death rates after chemotherapy (Bonovas et al. 2004 , Barone et al. 2008 , Currie et al. 2009 , Srokowski et al. 2009 . Diabetic rectal cancer patients are less sensitive to neo-adjuvant chemotherapy than non-diabetic cancer patients (Caudle et al. 2008) . Compared with other cancers, diabetes mellitus is more closely associated with hepatocellular carcinoma (HCC) (Yang et al. 2016) . Diabetes also reduces the sensitivity of liver cancer patients to intra-arterial chemotherapy (Feng et al. 2011a) . Although the impact of diabetes mellitus on complications and outcomes of chemotherapy has gained much attention in clinical studies, whether diabetes impaired chemotherapeutic sensitivity in HCC is not clear.
Adriamycin (ADR) is widely used as a first-line antihepatoma drug alone or in combination (Judson et al. 2014) . Multiple action mechanisms are involved in ADRinduced apoptosis, intercalating with DNA and RNA synthesis, inhibiting topoisomerase II leading to DNA strand breakages, causing the formation of reactive oxygen species and free radical damage on cells (Salzano et al. 2014 , Yang et al. 2014a . Despite its multifactorial antitumor activity, only 20% of HCC patients respond to ADR treatment. Whether hyperglycemia is associated with decreased sensitivity to ADR remained unknown.
AMP-activated protein kinase (AMPK) is originally well known as a key sensor of fuel that regulates metabolism and energy homeostasis . Recently, large number of evidence indicates that activation of AMPK inhibits cell proliferation and induces apoptosis via multiple pathways (Faubert et al. 2013) . Several anti-cancer drugs have been reported to activate AMPK pathway. For example, AMPK plays an important role in the inhibitory effect of celastrol on cancer cell proliferation (Kim et al. 2013) . Anti-diabetic drugs such as metformin and berberine, which are able to activate AMPK have shown anti-cancer activity (Dowling et al. 2012 , Kim et al. 2015 , Aznar et al. 2016 ). Ji and colleagues found that ROS-dependent AMPK activation contributed to the anti-tumor activity of ADR (Ji et al. 2010) . Furthermore, exogenous cell-permeable C6-ceramide exerts synergistic anti-cancer effects with ADR via activation of AMPK. Given that AMPK activity is generally reduced in diabetic patients, whether lower chemotherapeutic sensitivity in diabetic cancer patients are owned to loss of AMPK activity worth further study.
In present study, we first used HCC cell lines to investigate the effects of hyperglycemia on the cytotoxicity of ADR. Then, mouse hepatoma H22 xenografts were established in db/db diabetic mice or streptozotocin (STZ)-induced hyperglycemic mice to evaluate the impact of hyperglycemia or hyperinsulinemia on the anticancer activity of ADR in vivo. Then, the involvement of AMPK was confirmed in the in vitro model. This study not only characterized the effect of diabetes on the antitumor activity of ADR, but also clarified the potential mechanisms involved.
Materials and methods

Reagents
ADR was supplied by Actavis Italy S.p.A. (Viale Pasteur, Nerviano, Italy). A stock solution of ADR (2 mM) was prepared with DMSO and stored at −20°C for in vitro testing. It was further diluted with DMSO before use. A stock solution of ADR (1 mg/mL) was dissolved with normal saline (NS) and stored at 4°C for in vivo experiments. It was freshly diluted with normal saline before use. Insulin glargine injection (insulin) was obtained from SanofiAventis Deutschland Gmbh. AICAR and streptozotocin were supplied by Sigma-Aldrich and compound C was from Merck & Co. RPMI 1640 medium (no glucose) was supplied by Gibco-BRL (Gaithersburg, MD). The primary antibodies for γH2A.X (Ser139), p-AMPKα (Thr172), AMPK, acetyl-CoA carboxylase (ACC) and p-ACC (Ser79), cleaved PARP and cleaved caspase-3were obtained from Cell Signaling Technology. The primary antibody for β-actin and secondary antibodies for mouse IgG, goat IgG and rabbit IgG were purchased from Santa Cruz Biotechnology. Enhanced chemiluminescence (ECL), a Western blot detection reagent, was obtained from Pierce Chemical.
Cell lines and cell culture
Human hepatoma cell line HepG2 and Bel-7402 were purchased from the Cell Bank of the China Science Academy (Shanghai, China). Cells were maintained in RPMI-1640 or DMEM medium at 37°C in a humidified atmosphere with 5% CO 2 . All media were supplemented with 10% heat-inactivated fetal bovine serum (FBS) (GibcoBRL, Grand Island, NY, USA) plus penicillin (100 units/mL) and streptomycin (100 units/mL). Cells adapted to RPMI-1640 containing 5.5 mM glucose for 24 h before experiments.
Cell proliferation assay
Cell proliferation was assessed by sulforhodamine B (SRB) colorimetric assay. 3000 Cells were seeded in 96-well plates, incubated in RPMI-1640 containing 5.5 mM glucose for 24 h, and then the medium was replaced with various concentrations of glucose with a total volume of 200 μL per well. After treatment with indicated concentrations of ADR for 48 h, cell proliferation was assessed by the SRB assay (Kim et al. 2014a) .The cell survival fraction for each well was calculated as A510 treated cells/A510 control cells × 100%.
Compound C pretreatment
Cells were pre-incubated with compound C (5 μM) for 30 min to inhibit AMPK activation, followed by further treatment with corresponding agents for the indicated time.
Gene silencing by small interfering RNA
The siRNA sequence was duplexes produced by Genepharma, Co. (Shanghai, China) and transfections were performed as previously described (Zheng et al. 2014) . The sense sequence of the AMPKα siRNA was 5ʹ-GCAUAUGCUGCAGGUAGAUTT-3ʹ.
Apoptosis analysis
For apoptosis analysis, cultured cells were trypsinized and stained with Annexin V/PI after 0.5 μM ADR treatment for 48 h according to the manufacturers' instructions, then analyzed on a FACS calibur cytometer (Becton Dickinson, San Jose, CA, USA).
Protein extraction and Western blotting
Cells were harvested after treatment with compounds for the indicated times. Whole cell lysates were prepared as previously described (Si et al. 2013) . Then, Western blotting was performed as previously described (Zheng et al. 2011) .
Animal experiment
All animal experiments were carried out in accordance with the ethical standards according to the Declaration of Helsinki and the national and international guidelines and has been approved by the Institutional Animal Care and Use Committee (IACUC) on the Ethics of Animal Experiments of Zhejiang University (Permit Number: Zju2009101004 and Zju2010101033).
Male C57BL/6 and C57BL/KsJ db/db (db/db) mice, 9 weeks of age, were obtained from the Model Animal Research Center of Nanjing University (Nanjing, Jiangsu, China). Male ICR mice, 22-24 g, were obtained from the National Rodent Laboratory Animal Resource (Shanghai, China). The animals were maintained on a 12-h light/ darkness cycle with free access to standard rodent chow and water.
Mouse hepatoma H22 xenografts were established by subcutaneously inoculating 1 × 10 6 cells into db/db or C57BL/6 mice. After inoculation, db/db and C57BL/6 mice were randomized into control and treatment groups (n = 6 per group) respectively according to blood glucose levels and the mean of which was 6.6 mM in C57BL/6 mice or 28.88 mM in db/db mice. The control group mice received normal saline intraperitonealy (i.p.) while the treatment group mice received ADR (2 mg/kg, i.p.) every two days for 11 days. Random blood glucose levels were evaluated during the course. After treatment, plasma insulin levels were investigated and tumors were harvested and weighted for further analysis. Therapeutic treatment effects were shown in terms of inhibition ratio = (tumor weight of the control group − tumor weight of the treated group)/ tumor weight of the control group × 100%. Furthermore, blood glucose levels after administration within 24 h were measured and areas under the blood glucose curve (AUC) were calculated using the trapezoidal method. Then, the correlations between blood glucose levels and the anticancer activity of ADR were analyzed.
ICR mice were injected with streptozotocin (i.p.) after fasted overnight to establish a diabetic model and then the mean blood glucose level was up to 27.35 mM while the mean blood glucose level in the control group was 7.07 mM indicated that the diabetic model was established successfully. H22 xenografts model were established by subcutaneously inoculating 1 × 10 6 cells into diabetic mice or normal mice. After inoculation, normal mice and diabetic mice were randomized into control and treatment groups (n = 6 per group) to receive the following treatments once a day for 10 days: NS (i.p.), ADR (2 mg/kg, i.p.), insulin (12.5 IU/kg, s.c.) and combination therapy (12.5 IU/kg insulin + 2 mg/kg ADR). Random blood glucose levels and blood glucose levels after insulin and ADR treatment were detected during the course. After treatment, plasma insulin levels and tumor weight were measured. Therapeutic treatment effects were calculated by above description.
Blood glucose assay
Blood glucose was analyzed before administration and at the indicated time points after insulin or ADR administration. Blood glucose was measured from tail https://doi.org/10.1530/ERC-18-0036 http://erc.endocrinology-journals.org © 2018 Society for Endocrinology 958 X Xu, M Si et al.
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Plasma insulin assay
Blood was obtained and centrifuged for plasma. Plasma insulin levels were measured using an Elisa kit according to the manufacturers' instructions (Wuhan YIAab Science Co, Ltd, Wuhan, China).
TUNEL assay
To evaluate the apoptotic response of tumor tissues, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay was performed with one-step TUNEL Apoptosis Assay kit (Beyotime) according o the manufacturer's instructions (Zheng et al. 2011) . Cells stained with green fluorescence were defined as apoptotic cells.
Statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology. All the experimental data are presented as means ± s.d./s.e., and Student's t-test was used to analyze the statistical differences between two groups by use of the SPSS 18.0 program (SPSS). A value of P < 0.05 was considered to be significant.
Results
Hyperglycemia attenuates the antitumor effect of ADR in HCC cell lines
As diabetic HCC patients have a worse prognosis compared with non-diabetic patients, we speculated that hyperglycemia may impair the activity of antitumor agents. To test this hypothesis, HepG2 and Bel-7402 cells were exposed to ADR for 24 h and 48 h under different glucose conditions, and cell survival was analyzed by SRB assay. At 24 h of ADR treatment, the cytotoxicity of ADR was not significantly affected by the increase of glucose concentration ( Supplementary Fig. 1C and D, see section on supplementary data given at the end of this article). However, as shown in Fig. 1A , the cytotoxicity of ADR decreased with the increase of glucose concentration as indicated with elevated IC 50 values (15 ± 4 to 93 ± 39 nM in HepG2, 78 ± 8 to 1310 ± 155 nM in Bel-7402) at 48 h of ADR treatment. Mannitol was used as an osmotic control to exclude that this phenomenon is caused by glucose itself. Mannitol did not affect the cytotoxicity of ADR in the concentration indicated ( Supplementary  Fig. 1A and B) . Further, the ADR-trigged cell apoptosis was evaluated by FACs. As shown in Fig. 1B Fig. 1C , ADR caused significant expression of c-PARP and c-Caspase 3 in 5.5 mM glucose; however, no significant upregulation was observed in 25 mM glucose in both HepG2 and Bel-7402 cells. These data indicate that hyperglycemia attenuates the antitumor effect of ADR in HCC cell lines.
The antitumor effect of ADR was decreased in H22 tumor-bearing db/db mice accompanied with hyperglycemia and hyperinsulinemia
To further address the role of diabetes on the antitumor activity of ADR, we established H22mouse HCC model in db/db mice. In accordance with previous reports, the blood glucose level in db/db mice was much higher than that in C57BL/C mice during the entire treatment (P < 0.05) (Fig. 2B) . In C57BL/C mice, the tumor growth was markedly inhibited by ADR (2 mg/kg) treatment (inhibition ratio 65.4%, P < 0.05), while no significant tumor growth inhibition was observed in db/db mice (inhibition ratio 25.8%, P > 0.05) (Fig. 2C) . And the mice body weight during the experiment was shown in Supplementary Fig. 2A . At the end of treatment, TUNEL assay was employed to detect the apoptotic cells in tumor tissues. As shown in Fig. 2D , TUNEL-positive area was much less in db/db mice than that in C57BL/C mice. These results suggest that the anti-tumor activity of ADR is reduced in db/db diabetic mice. To determine whether the higher blood glucose level was related to the decline of antitumor efficacy in db/db mice, we analyzed blood glucose and plasma insulin after ADR administration. Blood glucose level was measured in 24 h, and AUC was calculated using the trapezoidal method. As shown in Fig. 2E , the antitumor responses of ADR declined accompanied with increased AUC. Meanwhile, the blood insulin levels were apparently increased in db/db mice (Fig. 2E, 
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Hyperglycemia attenuates the antitumor effect of ADR in STZ-induced diabetic mice bearing H22 HCC
To further investigate whether hyperglycemia and hyperinsulinemia mediate the antitumor efficacy of ADR, we established H22 mouse HCC in STZ-induced diabetic mice (DM mice) (Fig. 3A) . Mice were grouped and treated as described above, and the blood glucose levels were measured on the first and tenth day. As shown in Fig. 3B , the blood glucose levels in DM mice were significantly higher than those in normal ICR mice indicating the success of STZinduced diabetic model. And in accordance with previous reports, the blood glucose levels were downregulated after insulin treatment (P < 0.05-0.001). Similar results were observed in the AUC in 24 h after administration (Fig. 3C ). As shown in Fig. 3D , the tumor growth in normal mice was significantly suppressed (inhibition ratio 70.1%) after ADR administration while the suppression was attenuated in the DM mice (inhibition ratio 27.7%). The body weight of the mice was shown in Supplementary Fig. 2B . Meanwhile, TUNEL assay showed that the ADR-induced apoptotic cells were decreased in DM mice compared to normal ICR mice (Fig. 3E) . Given that the insulin secretion was destroyed in DM mice (Fig. 3F) , insulin was additionally introduced to DM mice to downregulate the blood glucose levels. The anti-tumor efficacy of ADR was restored by the combined treatment of insulin, as indicated by inhibition ratio from 27.7% to 56.3% in DM mice (Fig. 3D) . These results indicate that hyperglycemia plays an important role in attenuating the antitumor effects of ADR, and the antitumor efficacy of ADR declines in both db/db and DM mice regardless of insulin levels. Since GLUT2 is the principal transporter for transfer of glucose, we first analyzed whether GLUT2 is involved in this process. As shown in Supplementary Fig. 3 , either overexpression or silencing of GLUT2 did not affect the cytotoxicity of ADR. Considering that AMPK pathway and DNA damage play important role in ADR-induced apoptosis, the activation of AMPK pathway and induction of γ-H2AX were detected in normal condition or hyperglycemia. As shown in Fig. 4A , when cells were treated with ADR in 5.5 mM glucose, there was a significant increase of γ-H2AX as well as p-ACC and p-AMPK. However, the induction of γ-H2AX, p-ACC and p-AMPK was declined accompanied with the increased glucose concentrations. Similar results were obtained from Bel-7402 cells (Fig. 4B) , suggesting that ADR-caused Figure 2 The antitumor effect of ADR was decreased in H22 tumor-bearing db/db mice accompanied with hyperglycemia and hyperinsulinemia. (A) H22 mouse hepatocellular carcinoma model was established by subcutaneously inoculating 1 × 10 6 cells into db/db or C57BL/C mice. After inoculation, db/db and C57BL/C mice were randomized into control and ADR treatment groups respectively according to blood glucose levels. The mice in control groups received NS (i.p.) while mice in the treatment groups received ADR (2 mg/kg, i.p.) every 2 days for 11 days. (B) Non-fasting blood glucose levels were studied on Days 1, 5 and 11 respectively during ADR treatment. (C) On Day 11, mice were killed and tumor weight was measured inhibition ratio was calculated. (D) Apoptosis cells in tumor tissues were detected by TUNEL assay. (E) Blood glucose levels after administration within 24 h were measured and areas under the blood glucose curve (AUC) were calculated using the trapezoidal method. The correlations between blood glucose levels and the anti-cancer activity of ADR were analyzed. (F) Plasma insulin levels on Day 11 were measured by ELISA kit. Data are expressed as the mean ± s.e., n = 6. *P < 0.05, **P < 0.01, ***P < 0.001 vs C57BL/C control. # P < 0.05, ### P < 0.001 vs C57BL/C+ADR 2 mg/kg. DNA damage and AMPK activation were impaired by hyperglycemia.
Concentrations of ADR (μM) Survival Fraction (%)
To determine the effect of AMPK activation on ADR-induced DNA damage, AICAR and Compound C, the activator and the inhibitor of AMPK were introduced to our experiments. HepG2 or Bel-7402 cells were challenged with 0.5 μM ADR, 1 mM AICAR or combination. As shown in Fig. 4C , when the cells were treated with AICAR, AMPK was significantly activated, ADR-induced expression of γ-H2AX was enhanced by AICAR. On the contrary, the γ-H2AX expression induced by ADR was greatly impaired by Compound C (5 μM) in both HepG2 and Bel-7402 cells (Fig. 4D) . These results indicate that AMPK activation modulates ADR-induced Figure 3 Hyperglycemia attenuates the antitumor effect of ADR on mouse hepatoma H22 xenograft in STZ-induced diabetic mice. (A) ICR mice were injected with streptozotocin (i.p.) after fasted overnight to establish a hyperglycemia model. H22 xenografts were established by subcutaneously inoculating cells into STZ-induced diabetic mice (DM mice) or normal mice. After inoculation, normal mice and DM mice were randomized into control and treatment groups to receive the following treatments: NS (i.p.), ADR (2 mg/kg, i.p.), insulin (12.5 IU/kg, s.c.), combination therapy (12.5 IU/kg insulin + 2 mg/kg ADR). (B and C) Non-fasting blood glucose levels and blood glucose levels during 24 h after administration were analyzed during the course. (D) At the end of the treatment on Day 10, mice were killed and the tumors were excised and weighted. (E) Apoptosis cells in tumor tissue were visualized by TUNEL assay. (F) On Day 10, blood was collected and the plasma insulin levels were measured by ELISA kit. Data are expressed as the mean ± s.e., n = 6. **P < 0.01, ***P < 0.001 vs control. DNA damage; however, the role of AMPK in the reduced antitumor effect of ADR resulted from hyperglycemia remains to be further studied.
Hyperglycemia reduces the cytotoxicity of ADR by inhibiting AMPK pathway
Based on the results above, we next investigate whether the impaired cytotoxicity of ADR by hyperglycemia was eliminated in the absence of AMPK. Compound C was employed to inhibit AMPK activation and Western blotting was applied to determine the inhibitory effects in HepG2 and Bel-7402 cells. The data showed that the cytotoxicity of ADR was reduced in 25 mM glucose compared to that in 5.5 mM glucose, which was eliminated when cells were pretreated with Compound C (Fig. 5A and B) . Similar results were obtained when AMPK was specifically silenced in both HepG2 and Bel-7402 cells were seeded in six-well plates and exposed to 0.5 mM ADR, 5 μM compound C or the combination of both compounds for 2 h. After incubation, whole cell lysates were harvested and determined by immunoblotting with antibodies against p-AMPK, γ-H2AX and β-actin. Western blotting bands were quantified by IPP plus 6.0. Data are expressed as the mean ± s.d., n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 vs control. # P < 0.05, ## P < 0.01, ### P < 0.001 vs ADR in 5.5 mM glucose conditions.
Bel-7402 cells (Fig. 5C and D) . Furthermore, AICAR was employed to enhance AMPK activation and Western blotting was used to determine the activation effects. The data showed that the impaired cytotoxicity of ADR in hyperglycemia was recovered by treatment with AMPK activator AICAR (Fig. 5E and F) . These results indicate that hyperglycemia decreases the cytotoxicity of ADR by inhibiting AMPK pathway.
Discussion
Clinical studies indicate that diabetic liver cancer patients are less sensitive to intra-arterial chemotherapy than non-diabetic cancer patients (Caudle et al. 2008) . As the treatment programs for liver cancer are usually combination therapies, there is no direct evidence whether diabetes reduces therapeutic responses to individual anti-cancer agent. Given the extensive application of ADR in clinical practice (Wang et al. 2014 , Gladkov et al. 2016 , we investigated the effects of diabetes on the chemotherapeutic sensitivity of ADR. We established mouse hepatomaH22xenografts using db/db or C57 mice and mouse hepatomaH22xenografts using normal ICR mice or DM mice. Db/db mice and DM mice were both widely used animal models for diabetic studies (Elms et al. 2013 , Nesca et al. 2013 . They were subcutaneously inoculated with mouse hepatoma H22 cells to imitate diabetic cancer individuals. Blood glucose levels were monitored during the treatment to make sure that db/db mice and DM mice were all performing diabetes until the end of the experiments. Our data showed that the repression of tumor growth by ADR decreased remarkably in db/db and DM mice compared with C57 and ICR mice, respectively. This study for the first time reported that diabetes decreases the efficiency of ADR against hepatic carcinoma.
As diabetes is a complex metabolic disease with various disturbances of different factors (De Silva et al. 2011) , the main factor that affects chemotherapeutic sensitivity of ADR are still largely unknown. Feng et al. reported that high insulin and glucose levels induced chemoresistance to ADR in HER18 and MCF7 breast cancer cells (Feng et al. 2011b ). However, no in vivo analysis, as well as mechanical interpretation was performed in that study, leaving us a great quantity of unknown questions. Both of db/db mice and DM mice performed hyperglycemia while db/db mice displayed hyperinsulinemia but DM mice showed hypoinsulinemia. However, the anti-cancer efficacy of ADR declined regardless of insulin levels in db/db and DM mice, indicating that insulin had negligible effect on the declined anti-cancer efficacy of ADR. Our observation is contrary with the study that high insulin levels induce chemoresistance to ADR in HER18 and MCF7 breast cancer cells (Feng et al. 2011b) . There are two possible reasons: (1) There are great differences between hepatoma cell lines and breast cancer cell lines; (2) It is inconsistent between in vitro and in vivo studies with the underlying mechanisms still yet to be known. For further investigation, insulin was used in our experiments to downregulate the blood glucose levels in DM mice. Our data showed that the anti-tumor efficacy of ADR was recovered in DM mice with the decline of blood glucose levels. These findings indicate that hyperglycemia plays an important role on the anti-cancer efficacy of ADR.
It is well known that ADR induces cell death by intercalating into base pairs as well as causing DNA damage as a result of inhibition of type 2 topoisomerase (Salzano et al. 2014 , Yang et al. 2014a . Because of the high plasma drug concentrations needed for intercalating into base pairs, ADR exerts anti-cancer effects mainly by inducing DNA damage. Recent studies showed that ROS-dependent AMPK activation is also involved in the anti-tumor activity of ADR (Ji et al. 2010 , Gao et al. 2014 . Several researches have revealed that radiation or chemotherapy that induces DNA damage could in turn activate AMPK pathway (Alexander & Walker 2011 . Considering that AMPK activity is generally reduced in diabetic patients, we are wondering whether the declined chemotherapeutic sensitivity of ADR in diabetic liver cancer individuals is attributed to decreased AMPK activity. Consistent with previous studies, we found that ADR-induced DNA damage as well as AMPK pathway activation. Furthermore, the DNA damage and AMPK pathway activation were suppressed by high glucose, which may lead to the declined anti-cancer efficiency of ADR in return. Further, we also found that ADR-induced DNA damage was significantly enhanced by AMPK agonist and weakened by AMPK inhibitor, indicating that AMPK also plays an important role in ADR-induced DNA damage. In addition to AMPK, Compound C also inhibits a number of other protein kinases with similar or greater potency, including ERK8, MNK1, PHK, MELK, DYRK isoforms, HIPK2, Src, Lck and Yes, FGF-R1 and Eph-A2 (Bain et al. 2007) . Considering this limitation of Compound C, siRNA interference technology was used to further confirm that AMPK plays an important role in hyperglycemia-mediated anti-cancer efficacy of ADR. The impaired cytotoxicity of ADR by hyperglycemia was eliminated in the absence of AMPK. These findings are of certain scientific significances not only for basic research, but also for the clinical application of ADR and optimization of combined therapeutic strategies.
In summary, this study is the first time using diabetic cancer mice and hepatoma cell lines to investigate the impacts of diabetes on anti-cancer activity of ADR and the underlying mechanisms systematically. We have demonstrated that diabetes decreases the anticancer efficiency of ADR against hepatic carcinoma in vitro and in vivo. Hyperglycemia plays an important role while insulin has negligible effects on the declined efficacy. Hyperglycemia decreases the chemotherapeutic sensitivity of ADR by downregulating AMPK pathway, which decreases ADR-induced DNA damage in turn. These observations highlight a novel concept that diabetes affects the chemotherapeutic sensitivity of anti-cancer agents, shedding lights on overcoming the limitations to the clinical use of ADR and opening new insights into improving the efficiency of diabetic cancer treatment.
